An improvement in the mechanical properties of a biomedical Ni-free Co-Cr-Mo alloy under as-cast condition has been examined by means of tensile tests and microstructure observations. The solubility of N in Co-Cr-Mo alloys increases with increasing Cr content from 29 to 34 mass%. This results in a significant improvement in mechanical properties such as yield stress, tensile strength, and fracture elongation. The improvement in the mechanical properties results from the phase stabilization and inhibition of the phase formation due to N addition. Increasing the Cr content also has contributed to the improved mechanical properties.
Introduction
Co-Cr-Mo alloys are one of the most useful alloys for biomedical applications such as dental and orthopedic implants because of their excellent mechanical properties and biocompatibility. [1] [2] [3] [4] However, it is indicated that the cast alloys (the ASTM-75 specification) show low ductility compared to the forged alloys (the ASTM-799 and ASTM-1537 specification), and Co-based dental casting alloys occasionally fracture during the small plastic deformation caused by the adjustment. 5, 6) It was reported that under the ascast condition, Ni-, C-and N-free Co-Cr-Mo alloys exhibit low ductility owing to the formation of shrinkage porosity, interdendritic segregation, and intermetallic inclusions at the grain boundaries. 7) Especially, the phase formed along the interdendritic region during the solidification gives rise to brittle fracture. 7) Thus, it is essential to suppress the formation of the phase in the as-cast Co-Cr-Mo alloys to improve the ductility. Therefore, a number of studies on chemical composition and casting technology have been tried in order to improve the strength and ductility of these alloys. 8, 9) Moreover, maintaining the crystal structure of the Co-Cr-Mo alloys to be the phase (fcc) is considerably effective to keep the Co-Cr-Mo alloys ductile since the phase satisfies the von Mises criterion in which five independent slip systems are required for good ductility. According to the ternary phase diagram of the Co-Cr-Mo system, the crystal structure of the Co-Cr-Mo alloys will transform from the phase which is stable at high temperatures to the " phase (hcp) which is stable at room temperature martensitically or diffusionally depending on the cooling rate. In order to stabilize the phase, the addition of a fourth element to Co-Cr-Mo alloys is one of the effective methods. It has been reported that Ni, C, and N addition stabilize the phase in Co-Cr-Mo alloys. 10) However, since Ni is the most common metal sensitizer in the human body, the use of Ni should be avoided in the aspect of biocompatibility.
11) Carbon addition is often used to improve the mechanical properties of the Co-Cr-Mo alloys. Carbon also has an ability to increase the stability of the phase, but forms M 23 C 6 carbide. When coarse M 23 C 6 carbides precipitate along grain boundaries, they act as preferential sites for fatigue crack propagation.
12) It is well-known that the addition of N to stainless steels stabilizes the phase, and considerable improvement in the tensile and fatigue strength of austenitic stainless steels can be achieved by high N additions. 13, 14) It is also expected that the stability of the phase would be enhanced by N addition of Co-Cr-Mo alloys, considering the similarity in crystal structure and lattice parameter between Fe-Cr and Co-Cr systems; both alloy systems have the fcc structure at high temperatures and similar lattice parameters of approximately 0.357 to 0.360 nm. 15) Moreover, the main substitutional solid solution element for both alloys is Cr which affects the solubility and mobility of interstitial solute elements such as C and N atoms; Cr strongly increases solubility of N in Fe-Cr systems. 13) With regard to Co, Blossey and Pehlke indicated that the solubility of N increased with increasing Cr content up to 3 mass% although the solubility is merely 0.0048 mass% in pure Co at 1600 C and 101325 Pa. 16) Thus, it is expected that the phase of the Co-Cr-Mo alloy is stabilized by the N addition and controlling the Cr content. A basic research conducted by Kliner et al. has shown that considerable improvement in strength and ductility can be attained by adding N to Co-Cr-Mo alloys. 15, 17) However, since they described the behavior of N coexisting with C, the combined effect of N and C can give rise to confusion in understanding whether or not the improvement in mechanical properties was brought about by a genuine N effect. Therefore, the aim of the present study is investigating the effect of the sole addition of N on the microstructure and mechanical properties of the C-free Co-Cr-Mo alloys with various Cr contents. Through these investigations, the genuine effect of N addition on the mechanical properties of the Co-Cr-Mo alloys will be revealed.
Experimental Procedure
Experimental alloys were melted in a high-frequency vacuum induction furnace and cast into a metallic mold, which was maintained under an N gas pressure of 75993.75 Pa. N addition was achieved by the direct addition of Cr 2 N powder into the melts. The amount of N added to the melts is fixed at 1.5 mass%. The ASTM F-75 specification standardizes the maximum content of Cr and N as 30.00 mass% and 0.25 mass% respectively. We defined the terminology of the high Cr-and high N-Co-Cr-Mo alloy as Cr and N contents being higher than those of the ASTM F-75 specification. Since all the experimental alloys satisfied the definition, they were designated as high N-and high Cr-CoCr-Mo alloys. For the comparison, C-free and N-free Co29Cr-6Mo alloys were also investigated. The analyzed chemical composition of the alloys and the ASTM F-75 compositional requirement are shown in Table 1 . We referred the experimental alloys as 29Cr (C-and N-free), 30Cr, 31Cr, 33Cr, and 34Cr according to their nominal compositions of Cr. All specimens are investigated under ascast condition. In order to avoid a difference in cooling rate which influences the formation of dendrite, alloy ingots were sliced equally into three pieces parallel to the longitudinal axis of the ingots, and the center piece of the ingots was chosen for the experimental test. Optical microscopy (OM) and an electron probe microanalyzer (EPMA) equipped with wave-length dispersive X-ray spectroscopy (WDS) were used for microstructure observations. X-ray diffraction patterns were measured between 2 ¼ 40 and 80 using Cu K radiation. To acquire the average result of X-ray diffraction, three different places of the longitudinal section were measured, and the sample was rotated at 120 rpm with the normal axis of the measuring plane fixed. Transmission electron microscope (TEM) observations were performed using 3 mm dia. disc specimens. The final thinning was carried out with a jet polishing method. The specimens were examined with an H-800 (Hitachi) TEM at 200 kV. Tensile tests were performed at an initial strain rate of 5:4 Â 10 À4 s
À1
using an Instron-type testing machine at room temperature.
At least three specimens were tested and the mean values were summarized. The gauge size of the tensile specimens was 16 mm in length, 3 mm in width, and 1.3 mm in thickness. The Rockwell C scale hardness was evaluated on the polished surfaces of the specimens. Figure 1 shows the relationship between Cr content and N content in the present alloy samples. Interestingly, the N content increases sharply up to 0.61 mass% with increasing Cr content up to approximately 33 mass% and remains stable above that content, although the amount of N added as Cr 2 N to the alloys is 1.5 mass% N. Therefore, the N content would have a saturated value for each alloy in this experimental condition. However, it could be varied by changing the furnace atmosphere, i.e. the N pressure and the method of N addition. It is confirmed in the present study that the Cr content plays an important role in the solubility of N, as was observed in the Fe-Cr systems.
Results and Discussion

Relation between N content and Cr content
9)
Microstructure observations
Optical micrographs of 30Cr, 31Cr, 33Cr, and 34Cr alloys are shown in Fig. 2(a), (b) , (c), and (d), respectively. The microstructural characteristic of the alloys did not show a great deal of variation, except that the dendritic structures became finer with increasing Cr and N. Figure 3 shows backscattered electron images of 29Cr (a), 31Cr (b), 33Cr (c), and 34Cr (d) alloys, respectively. As seen in the figures, a large amount of precipitates is observed along the interdendritic region in the 29Cr alloy ( Fig. 3(a) ), whereas very small amount of precipitates is observed in the high N-and high CrCo-Cr-Mo alloys (Fig. 3(b), (c) and (d) ). The compositions analyzed by EPMA-WDS at the arrowed precipitates in Fig. 3 are shown in Table 2 . According to the ternary phase diagram of Co-Cr-Mo alloy and the result of the analyzed chemical composition, the precipitates in 29Cr are found to be the phase. 18) Generally, Cr and Mo preferentially segregated in the phase. Therefore, it is proper that increasing Cr content will increase the phase fraction. However, this is not the case in the present study. As showing in Fig. 3(b) , (c) and (d), the high N-and high Cr-alloys have much smaller amount of precipitates in comparison with the C-free and N-free 29Cr alloy. This result clearly indicates that N addition to the C-free Co-Cr-Mo alloy suppresses the formation of the precipitates. Moreover, the analyzed composition of the precipitates in the high N-and high Cralloys are somewhat different from that of the 29Cr alloy. In the high N-and high Cr-alloys, the Cr content of the precipitates is slightly higher than that of the matrix, whereas the Mo content 3 to 4 times higher than that of the matrix. 
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Considering these analyzed findings in light of the ternary phase diagram of Co-Cr-Mo alloy, 18) it is found that the precipitates in the high Cr-and high N-alloys could not be a phase but a mixture of Mo-concentrated R (Co 49 Cr 21 Mo 30 ) and (Co 7 Mo 6 ) phase. Thus it is concluded in the present study that N addition plays a significant role in inhibiting the precipitation of the phase even if the Cr content is enough to form the phase in the Co-Cr-Mo alloy system. The inhibition of the phase with the N addition could be associated with preferential interaction of Cr and N, making Cr remains more soluble state in the matrix and thereby resulting in inhibiting the formation of the phase.
X-ray analyses
X-ray diffraction patterns of the high N-and high Cr-CoCr-Mo alloys as well as the C-free and N-free Co-29Cr-6Mo alloy are shown in Fig. 4 . The diffraction patterns of the high N-and high Cr-Co-Cr-Mo alloys indicate that the phase is the predominant phase with a small amount of the " phase, while the peaks observed in the 29Cr alloy indicate that " phase is the predominant phase. The XRD analyses reveal that the N addition effectively stabilizes the phase in CoCr-Mo (up to 34 mass% Cr) alloys. Since increasing the Cr content decreases the stacking fault energy (SFE) in the CoCr-Mo alloy system, 19) the " phase is supposed to be more stable than the phase with increasing the Cr content in the alloy system without N addition. However, N performs a role as a strong phase stabilizer in spite of increasing Cr content. Moreover, peaks shift to the lower angle side with increasing N and Cr content, indicating that the lattice parameter is expanded due to the N and Cr solution.
TEM observations
TEM micrographs of the 29Cr and the 31Cr alloys are shown in Figs. 5(a) and (b) respectively. The presence of athermal " martensites and stacking faults are significant features of the 29Cr alloy ( Fig. 5(a) ), whereas only a small amount of dislocations are observed in the 31Cr alloy (Fig. 5(b) ). The density of crystal defects such as stacking faults and " martensites is associated with the SFE of the alloys. Since the formation of the athermal " martensites and the stacking faults are due to significantly lower SFE of the 29Cr alloy, it is concluded that the N addition increases SFE and thereby stabilizes the phase which has fcc structure related with good ductility of the high N-and high Cr-Co-CrMo alloys. Figure 6 represents nominal stress-strain curves of experimental alloys. Surprisingly, the high N-and high Cr-Co-CrMo alloys exhibit significantly higher yield strength and tensile strength than the C-free and N-free Co-29Cr-6Mo alloy. In addition, large elongations exceeding approximately 40% are obtained in these high N-and high Cr-Co-Cr-Mo alloys. These improved mechanical properties originate from the intrinsic nature of the phase that is related with a solid solution of N, as described above. On the other hand, 29Cr alloy consists of a considerable amount of interdendritic phase and athermal " martensites at room temperature, leading to an immature fracture behavior. Both elements Cr and N contribute to improving the mechanical properties. If Cr, however, is solely added to the Co-Cr-Mo alloys without N addition, the resultant microstructures are covered with a large amount of phase and it will cause a sharp drop of mechanical properties. In addition, taking notice of the difference in stress-strain curves between the 29Cr alloy and the 30Cr and 34Cr alloys in Fig. 6 , it is found that since the 29Cr alloy exhibits large work hardening rate just after the yielding, and a transition from elastic deformation to plastic deformation is vague in the 29Cr alloy. However, the beginning of the yield point becomes distinct as increasing Cr and N content in the alloy; the 34Cr alloy containing 0.6 mass% N shows a distinct yielding behavior. This distinct yielding behavior is related to a variation in mobility of a gliding dislocation with the interstitial dissolution of N. The N atoms are interstitially soluble in the Co crystal lattice can act as obstacles for dislocation glide, leading to a distinct yielding behavior. However, for a detailed description of changes in yielding behavior due to Cr and N additions, further study on the precise dislocation mechanisms operative in N added Co-Cr-Mo alloys is needed. Figure 7 shows the changes of the mechanical properties as a function of Cr content. As seen in the figure, the mechanical properties show almost constant values regardless of Cr content. As previously described in Fig. 1 , increasing Cr content is concomitant with that in N content in the present Co-Cr-Mo alloys. Thus it is generally expected that the yield stress of the alloys increases with increasing Cr content because the content of N, an interstitial solute, increases and thereby the solid solution hardening takes place. However, this is not the case in the present study. Instead, as demonstrated in Fig. 7 , the yield stress shows an almost constant value with an increase in Cr content. Other mechanical properties also remain almost constant with changing Cr content. This may be related with a coarse-grained microstructure with solidification defects because of the alloys being as-cast. Thus further study is needed to clarify the influence of the N and Cr addition on the dislocation mechanisms using a forged CoCr-Mo alloy with homogeneous microstructure.
Mechanical properties
Conclusions
In order to improve the mechanical properties of Ni-free Co-Cr-Mo alloys, we have examined the effect of N and Cr on the tensile properties and the microstructure of the Co-CrMo alloys under as-cast state. Because N is a stabilizer of the phase, the alloys are supposed to exhibit good ductility. We especially paid attention to the effect of N on improving the mechanical properties. In this study, the solubility of N in the Co-Cr-Mo alloys increases with increasing the Cr content. With N addition to the Co-Cr-Mo alloy, the phase is stabilized even in the enrichment in Cr content from 29 to 34 mass% without precipitation of the phase. By adding N, the strong phase stabilization and the suppression of the phase render the Co-Cr-Mo alloys ductile, resulting in a significant improvement in the mechanical properties of the Ni-free Co-Cr-Mo alloy even under the as-cast condition. Thus the present study shows that the Ni-free Co-Cr-Mo alloys with enriched Cr content up to 34 mass%, modified by N addition, are suitable as materials for artificial hip and knee joints and dental implants that are produced on the basis of the casting process such as investment casting.
